Background: VhChiP is a sugar uptake channel specific for chitohexaose. Results: Mutations of Trp 136 , located at the entrance of the transmembrane pore, affect ion and sugar transport through VhChiP. Conclusion: Trp 136 regulates chitooligosaccharide uptake through VhChiP. Significance: Chitin uptake by the highly virulent bacterium V. harveyi through VhChiP is dependent on hydrophobic interactions between the sugar molecule and the channel surface.
VhChiP is a sugar-specific porin present in the outer membrane of the marine bacterium Vibrio harveyi. VhChiP is responsible for the uptake of chitin oligosaccharides, with particular selectivity for chitohexaose. In this study, we employed electrophysiological and biochemical approaches to demonstrate that Trp 136 , located at the mouth of the VhChiP pore, plays an essential role in controlling the channel's ion conductivity, chitin affinity, and permeability. Kinetic analysis of sugar translocation obtained from single channel recordings indicated that the Trp 136 mutations W136A, W136D, W136R, and W136F considerably reduce the binding affinity of the protein channel for its best substrate, chitohexaose. Liposome swelling assays confirmed that the Trp 136 mutations decreased the rate of bulk chitohexaose permeation through the VhChiP channel. Notably, all of the mutants show increases in the off-rate for chitohexaose of up to 20-fold compared with that of the native channel. Furthermore, the cation/anion permeability ratio P c /P a is decreased in the W136R mutant and increased in the W136D mutant. This demonstrates that the negatively charged surface at the interior of the protein lumen preferentially attracts cationic species, leading to the cation selectivity of this trimeric channel.
Vibrio harveyi, a Gram-negative bioluminescent marine bacterium of the family Vibrionaceae, causes Vibriosis, a highly virulent disease that has devastating effects on fish and prawn-farming industries worldwide (1) (2) (3) (4) (5) . Through its ability to grow rapidly under both aerobic and anaerobic conditions, V. harveyi has a crucial role in the rapid turnover of chitin biomaterials in marine ecosystems. The pathway of chitin catabolism by V. harveyi involves chitin attachment and degradation, followed by chitooligosaccharide uptake through the bacterial outer and inner membranes and finally catabolism of the transport products, which are used as carbon and nitrogen sources and in cellular energy production (6 -8) .
Energy production in V. harveyi depends upon the generation of chitin degradation products and their transport into the cells. We recently identified chitoporin from V. harveyi (known as VhChiP) as a pore-forming channel that performs highly specific translocation of chitooligosaccharides (9, 10) . Single channel recordings using a black lipid membrane (BLM) 4 reconstitution technique showed that VhChiP inserted into the artificial bilayer membranes and formed a trimeric channel that remained steadily open under applied potentials of up to Ϯ150 mV. The fully open channel exhibited an average conductance of 1.8 Ϯ 0.13 nS in 1 M KCl, which is much larger than the average conductance of maltoporin (also called LamB) (0.15 nS in 1 M KCl) from Escherichia coli (11) .
Time-resolved single channel recordings and liposome swelling assays in the presence of various oligosaccharides showed that the VhChiP channel responded specifically to chitooligosaccharides, the strength of interaction increasing with greater chain length. Detailed assessment of the kinetic parameters suggested that VhChiP was most active with chitohexaose, its binding constant of K ϭ 500,000 M Ϫ1 being several orders of magnitude higher than that of its sugar-specific homologues, such as sucrose-specific porin, maltose-specific porin, glucose-inducible porin, and cyclodextrin-specific porin (12) (13) (14) (15) (16) (17) (18) (19) . According to these data, VhChiP is the most active sugar-specific porin reported to date. Further analysis of stochastic fluctuations of ion current through VhChiP in the pres-ence of chitohexaose indicated that the chitoporin had multiple binding sites for sugars and exploited interactions between bound sugar molecules to enhance sugar uptake (19) .
We previously predicted the structure of VhChiP using the Swiss-Model Server (9) with Comamonas acidovorans Omp32 as structural template (20) and demonstrated that the VhChiP monomer had a barrel-like structure, consisting of 16 antiparallel ␤-strands, eight extracellular loops (referred to as loops L1-L8), and eight short turns located on the periplasmic side of the outer membrane. The longest extracellular loop (L3), containing 41 amino acids (Gly 111 -Asn 151 ) and lying between strands ␤7 and ␤8, is known as a pore-confined loop and is responsible for the size selectivity of other sugar-specific porins, such as LamB and ScrY (21, 22) , and general diffusion porins (23) . Within the pore lumen of VhChiP, there are several aromatic residues, including Trp 136 , Tyr 134 , Tyr 145 , Tyr 118 , and Trp 123 , aligned on one side of the pore. By analogy with LamB, such residues may play an important role in sugar-protein interactions. Among these, Trp 136 , as part of loop L3, is the only residue protruding into the center of the VhChiP lumen and clearly covering the upper part of the constriction zone. Its prominent position is presumed to be important for the physiological properties of VhChiP. In this study, we carried out sitedirected mutagenesis and then further employed a black lipid membrane reconstitution technique as well as protein fluorescence quenching and proteoliposome swelling assays to systematically address the functional roles of Trp 136 in the ion conductivity, substrate binding affinity, and sugar permeability of VhChiP.
Experimental Procedures
Vectors and Bacterial Strains-A cDNA fragment of 1.1 kbp corresponding to the full-length ChiP gene of V. harveyi was cloned in the expression vector pET23d(ϩ) (Novagen, MERCK Ltd., Bangkok, Thailand). E. coli host strain BL21(DE3) Omp8 Rosetta was genetically engineered to carry defective genes encoding the major outer membrane porins OmpA, OmpC, OmpF, and LamB, making it suitable for production of an exogenous porin (24, 25) .
Construction of Recombinant Plasmids of VhChiP Mutants-The VhChiP gene, cloned into pET23d(ϩ) expression vector, was suitable for expression at a high level in the porin-deficient E. coli strain, as specified. For site-directed mutagenesis, the construction of pET23d(ϩ)/VhChiP was used as DNA template in a PCR-based strategy. Site-directed mutagenesis was carried out following the QuikChange site-directed mutagenesis protocol of Stratagene. Based on the primers shown in Table  1 , the residue Trp 136 was replaced by Ala, Phe, Asp, or Arg, generating four single mutants, namely W136A, W136F, W136D, and W136R, respectively. To verify that mutations were correct, the nucleotide sequences of the sense and antisense strands of the PCR fragment were determined by automated sequencing (First BASE Laboratories Sdn Bhn, Selangor Darul Ehsan, Malaysia).
Expression and Purification of VhChiP Variants-Recombinant wild-type VhChiP and the W136A/F/D/R mutants were expressed and purified, following the protocol originally described by Garavito and Rosenbusch (26) . In brief, transformed cells were grown at 37°C in Luria-Bertani (LB) liquid medium containing 100 g⅐ml Ϫ1 ampicillin, 25 g⅐ml Ϫ1 kanamycin, and 1% (w/v) glucose. At an A 600 of 0.6 -0.8, isopropyl ␤-D-thiogalactoside was added to a final concentration of 0.5 mM. Cell growth was continued for a further 6 h, and cells were then harvested by centrifugation at 4,500 ϫ g at 4°C for 20 min. The cell pellet was resuspended in a buffer containing 20 mM Tris-HCl, pH 8.0, 2.5 mM MgCl 2 , 0.1 mM CaCl 2 , 10 g⅐ml Ϫ1 DNase I, and 10 g⅐ml Ϫ1 RNase A. Cells were lysed by sonication on ice for 10 min (30% duty cycle; amplitude setting 20%) using a Sonopuls Ultrasonic homogenizer with a 6-mm diameter probe. The recombinant VhChiP was extracted with SDS, based on the method of Lugtenberg and Alphen (27) . Briefly, 20% SDS stock solution was added into the lysed cell suspension to obtain a 2% (w/v) final concentration, followed by incubation at 50°C for 1 h with gentle stirring and centrifugation at 40,000 ϫ g at 4°C for 60 min. Native and mutant VhChiP were extracted from the pellets, which were enriched in outer membranes, in two steps. In a pre-extraction step, the pellet was washed with 15 ml of 0.125% n-octylpolyoxyethylene in 20 mM phosphate buffer, pH 7.4 (ALEXIS Biochemicals, Lausen, Switzerland), homogenized with a Potter-Elvehjem homogenizer, incubated at 37°C for 60 min, and then centrifuged at 100,000 ϫ g and 4°C for 40 min. In the second step, the pellet from centrifugation at 100,000 ϫ g was resuspended in 10 -15 
Mutation
Nucleotide sequence
ml of 3% (v/v) n-octylpolyoxyethylene in 20 mM phosphate buffer, pH 7.4, and then homogenized with a Potter-Elvehjem homogenizer and incubated at 37°C for 60 min, followed by further centrifugation at 100,000 ϫ g and 4°C for 40 min. After exchange of the detergent with 0.2% (v/v) lauryldimethylamine oxide (LDAO) (Sigma-Aldrich) by thorough dialysis, the supernatant was subjected to ion exchange chromatography on a HiTrap Q HP prepacked column (5 ϫ 1 ml), connected to an Ä KTA Prime plus FPLC system (GE Healthcare). Bound proteins were eluted with a linear gradient of 0 -1 M KCl in 20 mM phosphate buffer, pH 7.4, containing 0.2% (v/v) LDAO. The purity of the eluted proteins was confirmed by SDS-PAGE. Fractions containing only VhChiP were pooled, and the protein concentration was determined using the Pierce BCA protein assay kit (Bio-Active Co., Ltd., Bangkok, Thailand).
Confirmation of VhChiP Expression by Immunoblotting-
Immunoblotting was performed following the standard enhanced chemiluminescence (ECL) protocol. Purified VhChiP (5 g) was resolved on a 10% polyacrylamide-SDS gel, and after electrophoresis, the protein was transferred to a nitrocellulose membrane using a Trans-Blot SD semidry electrophoretic transfer cell (Bio-Rad). Cross-reactivity of different porins was tested using specific antisera directed against E. coli OmpF, E. coli OmpN, and V. harveyi ChiP. Antibody-antigen interaction was detected with HRP-conjugated IgG, using the ECL method (Amersham Biosciences). Rabbit anti-VhChiP antiserum was prepared in our laboratory as described by Suginta et al. (9) .
BLM Measurements of the VhChiP-Effects of mutation on channel conductance were assessed by single channel measurements of VhChiP reconstituted in lipid bilayers formed either by solvent-containing (painting) or by solvent-depleted (lowering and raising) techniques. BLM measurements using the solvent-containing technique were carried out following Schulte et al. (28) . Briefly, the BLM setup included a patch clamp amplifier with a two-electrode bilayer head stage (PC-ONE Plus PC-ONE-50, Dagan Corp., Minneapolis, MN), a Faraday cage placed on a vibration-dampening table, an analog to digital converter, and software for computer-controlled operation (PULSE program, HEKA Elektronik, Lambrecht, Germany). In the BLM setup, a 1.5-ml Delrin cup with a 200-m hole was fitted tightly into one of the two wells of a polymer bilayer chamber. The interior of the cup (cis) and the vacant well (trans) were filled with the electrolyte solution in which the two Ag/AgCl/1 M KCl reference electrodes, connected to the amplifier's head stage, were immersed. Routinely, the trans electrode was voltage-clamped with respect to the cis electrode, which was connected to the ground pin of the amplifier head stage. BLMs were formed by painting asolectin (soybean phospholipids from Sigma-Aldrich, dissolved in hexane, at 50 mg⅐ml Ϫ1 ) over a cup aperture that had been pretreated with 10 l of hexadecane/hexane (1:100, v/v) and allowed to dry for 10 min. After formation of a membrane of about 100-picofarad capacitance, 10 -20 l of a stock solution of the purified VhChiP (100 ng⅐ml Ϫ1 in 20 mM phosphate buffer, pH 7.5, and 0.2% (v/v) LDAO) was added into the cis chamber. The buffer solution contained 1 M KCl on both sides of the BLM chamber, unless otherwise indicated. VhChiP insertions were initiated by applying an external transmembrane potential of Ϯ200 mV. Membrane current (I m ) recordings were made at 25°C with the membrane potential across the phospholipid bilayer kept at defined constant values between Ϫ100 and ϩ100 mV. The acquired data were filtered with a 3-pole low pass Bessel filter at 1 kHz and saved into the computer memory with a 1-ms (1-kHz) sampling interval. Current flow was analyzed directly with PULSE acquisition software, or stored traces were handled with Microsoft Office Excel 2007 and GraphPad Prism version 5.0 (GraphPad Software Inc., San Diego, CA).
The protocol for formation of solvent-depleted bilayers was slightly different (29 -31) . Briefly, the cuvette consisted of two chambers separated by a 25-m-thick Teflon film. An aperture of 60 -100-m diameter was pretreated with 5 l of 1% (v/v) hexadecane in hexane (Sigma-Aldrich) and dried for 10 min. To each side of the chamber was added 2.5 ml of 1 M KCl in 20 mM HEPES, pH 7.5, as electrolyte solution, and Ag/AgCl electrodes were inserted on either side of the Teflon film. Then 2-5 l of 5 mg⅐ml Ϫ1 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine; Avanti Polar Lipids, Alabaster, AL) in n-pentane was added to each side of the chamber and allowed to diffuse for 5-10 min. The lipid bilayer was formed by raising and lowering the liquid level on either side of the chamber repeatedly until the current fell to zero. The seal was checked by applying a potential of 200 mV, which should produce zero current. VhChiP (50 -100 g) was then added to the cis side of the lipid membrane. At applied transmembrane potentials of Ϯ199 mV, a single channel was usually inserted within a few min. To prevent multiple insertions, the protein concentration in the chamber was gradually reduced by multiple additions of the working electrolyte. One of the electrodes (cis) was used as ground, whereas the other (trans) was connected to the head stage. Single channel current measurements were performed with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) in the voltage clamp mode, with the internal filter set at 10 kHz. Amplitude, probability, and single channel analyses were performed using pClamp version 10.0 software (all from Molecular Devices, Sunnyvale, CA). To investigate sugar binding, different concentrations of chitohexaose (0.25, 1.25, 2.5, 5, and 10 M) were added to either the cis or the trans side of the chamber (29 -30) . Occlusions of ion flow observed as a result of sugar binding/diffusion through the reconstituted channel were usually recorded for at least 60 s at transmembrane potentials of Ϯ50 and Ϯ100 mV.
The equilibrium binding constant K (M Ϫ1 ) was estimated from the decrease in the ion conductance in the presence of increasing concentrations of sugar using the following equation (30, 32) ,
where G max is the average conductance of the fully open VhChiP channel, and G c is the average conductance at a given concentration (c) of a chitooligosaccharide. I max is the initial current through the fully open channel in the absence of sugar, and I c is the current at a particular sugar concentration. The titration experiments could also be analyzed using double reciprocal plots.
The association and dissociation rates of the sugar molecules to and from the binding site inside VhChiP were obtained using single channel analysis. For example, the off-rate k off (s Ϫ1 ) was obtained according to Kullman et al. (33) .
Here c is the residence (dwell) time (s) (i.e. the average time for which a sugar molecule remains in the channel). The on-rate (k on , in M Ϫ1 ⅐s Ϫ1 ) is given by the following.
In further experiments, single channels inserted in planar lipid membranes were used to study the ionic selectivity of the wildtype VhChiP and its mutants. The ion selectivity was evaluated by measuring the zero current membrane potential (V m ), defined as the transmembrane voltage that has to be applied to yield zero current in the presence of a concentration gradient across the channel. Lipid bilayer membranes were formed at salt concentration gradients starting from 0.1 M KCl on both sides, using the protocol for solvent-depleted membranes. VhChiP or its mutants were then reconstituted using high potentials (Ϯ150 or Ϯ199 mV). The channel conductance was checked by applying different voltages. The salt concentration on the trans side (cЈ) of the membranes was increased by adding 200 l of 3 M KCl while the KCl concentration on the cis side (cЉ) was kept constant at 0.1 M. V m was measured when the KCl concentration on the trans side (cЈ) reached 1.5 M. The P c /P a values are the permeability ratios of cation over anion, which were calculated from the zero current potential using the Goldman-Hodgkin-Katz equation.
Here V m is the membrane potential (V); R is the ideal gas constant (8.314 J⅐K Ϫ1 ⅐mol Ϫ1 ); T is the absolute temperature; F is Faraday's constant; P c is the permeability for K ϩ ; and P a is the permeability for Cl Ϫ . Binding Studies Using Fluorescence Quenching-The purified VhChiP (80 ng⅐l Ϫ1 , in 20 mM phosphate buffer, pH 7.4 and 0.2% (v/v) LDAO) was titrated with chitooligosaccharide at 25 Ϯ 3°C. Changes in intrinsic tryptophan fluorescence intensity were monitored directly with a LS-50 fluorescence spectrometer (PerkinElmer Life Sciences). The excitation wavelength was set to 295 nm, and emission spectra were collected over the range 300 -550 nm, with excitation and emission slit widths of 5 and 10 nm, respectively. Each protein spectrum was corrected for the buffer. Binding curves were evaluated with a nonlinear regression function available in Prism version 5.0 (GraphPad Software) using a model based on a single binding site. To estimate the dissociation constant, relative fluorescence ⌬F ϭ (F 0 Ϫ F c ) was plotted as a function of sugar concentration, yielding a rectangular hyperbolic curve. This curve allowed the calculation of the dissociation constant for the chitooligosaccharide using a single site binding model, according to Equation 5 (34 -36) ,
where ⌬F is the difference between fluorescence intensity before and after addition of the sugar ligand; F 0 refers to the maximum emission intensity in the absence of sugar; F min is the minimum emission intensity; F c is the emission intensity at a given concentration of ligand; c is the concentration of ligand; and K is the equilibrium binding constant (M).
Liposome Swelling Assays-Liposome swelling assays were carried out to verify the permeability of VhChiP wild type (WT) and its mutants to chitohexaose (9, 37) . E. coli total lipid extract (Avanti) (20 mg⅐ml Ϫ1 in chloroform) was used to form multilamellar liposomes and 17% (w/v) dextran (M r 40,000) prepared in 20 mM HEPES buffer, pH 7.5, was entrapped in the liposomes. The purified WT VhChiP (100 ng) or its mutants were reconstituted into liposomes (9, 37) . The isotonic solute concentration of each preparation of proteoliposomes was determined by adding 30 l of D-raffinose solution, dissolved in 20 mM HEPES buffer, pH 7.5, at various concentrations (40, 50, 60, 70 , and 80 mM) into 600 l of the proteoliposome suspension in a 1-ml cuvette and mixed manually. Changes in apparent absorbance at 500 nm (A 500 ) were followed for 60 s using a UV-visible spectrophotometer. The final concentration of D-raffinose that yielded an absorbance change of Ͻ0.01 was considered to be the isotonic concentration, which was then used to prepare different isotonic solute solutions. To measure the swelling rate, the liposome or proteoliposome suspension was diluted with the isotonic test solution as described above. The concentration of chitohexoase that could be used was limited by its low solubility and high cost, but because of its affinity for VhChiP, submillimolar concentrations of chitohexaose produced rapid swelling. In this study, we mixed chitohexaose solution with D-raffinose solution to make an isotonic solution containing 750 M chitohexaose. The initial rate of absorbance change was monitored over the first 60 s. The swelling rate (s Ϫ1 ) was estimated according to the equation, ⌽ ϭ (1/A i )dA/dt, in which ⌽ is the swelling rate, A i is the initial absorbance, and dA/dt is the rate of absorbance change during the first 60 s. The swelling rate in D-arabinose was taken as 100%, and the relative swelling rates for each sugar were compared as shown in Fig. 9 , the swelling rates shown being averaged values obtained from 4 -6 independent sets of experiments.
Results
Generation of VhChiP Mutants-To confirm the functional importance of Trp 136 in ion and sugar transport, we carried out site-directed mutagenesis to evaluate the impact of this residue in regulating ion conductance, binding affinity, and sugar permeability through VhChiP. In the first set of experiments, Trp 136 was substituted by four different amino acids with side chains having different physicochemical properties. Fig. 1 presents the top view of the VhChiP pore, depicting the original Trp side chain ( Fig. 1A ) and its substitutions with alanine ( Fig. 1B) , phenylalanine (Fig. 1C) , arginine (Fig. 1D) , and aspartate (Fig.  1E) , respectively.
Purification and Confirmation of Correct Expression-After checking the nucleotide sequences of the mutagenized ChiP cDNAs, large scale expression trials of the recombinant VhChiP variants were performed, following the protocol established previously (9) . Fig. 2A shows SDS-PAGE analysis of VhChiP and its mutants after the final purification step, anion exchange chromatography. Coomassie staining showed a single band of WT VhChiP and the W136A/F/D/R mutants, migrating slightly ahead of the 40 kDa marker under denaturing conditions (reduced and heated). This corresponded to the molecular size of VhChiP expressed in E. coli reported previously (9, 37) . Fig. 2B shows an immunoblot of the protein bands shown in Fig. 2A but detected with anti-VhChiP polyclonal antiserum. The Western blot demonstrated that the purified VhChiP WT and mutants all reacted strongly with the specific anti-VhChiP serum, whereas E. coli OmpN, which was often found to contaminate our recombinant VhChiP sample when the proteins were expressed in the porin-deficient E. coli BL21 (DE3) Omp8 Rosetta strain, was not recognized by the antibodies. The absence of cross-contamination of VhChiP with OmpN was verified using anti-OmpN polyclonal antiserum (Fig. 2C ). This antiserum recognized the fraction containing OmpN but did not cross-react with the VhChiP preparation, indicating that all of our purified VhChiP fractions were free of OmpN and therefore suitable for functional characterization in single channel reconstitution experiments.
Effects of the Trp 136 Mutations on the Ion Conductivity-We recently reported that a single channel of the WT VhChiP consists of three identical subunits, and, when reconstituted into phospholipid membrane, the fully open channel could conduct ions with a conductance estimated to be 1.8 Ϯ 0.3 nS (10). In our first series of BLM experiments, we investigated the effects of Trp 136 mutations on the ion conductivity of the VhChiP channel. Single trimeric wild-type and mutant channels were reconstituted into solvent-free membranes. Fig. 3 shows typical ion current traces, acquired over 60 s. The WT channel (Fig.  3A) was found to remain open almost constantly for several hours with applied transmembrane potentials of Ϯ25 to Ϯ150 mV. On the other hand, the mutated channels tended to exhibit frequent gating, especially with applied potentials greater than 100 mV. However, all of the mutated channels remained open for a period of several min at applied potentials of Ϯ100 mV (Fig. 3, B-E) , making it possible to carry out titration experiments with chitooligosaccharides. In a further series of experiments, we performed single channel recordings in solvent-containing membranes as shown in Fig. 3 , F-J (right). In these membranes, a large fraction of the channels tended to be closed. Table 2 summarizes the results. In solvent-depleted membranes, the conductance of the wild-type channel was estimated to be 1.9 Ϯ 0.02 nS, consistent with the value reported previously by Suginta et al. (9) . The ion conductance was found to be significantly increased in the mutants W136A (2.2 Ϯ 0.05 nS) and W136D (2.3 Ϯ 0.03 nS) but slightly decreased in W136F (1.9 Ϯ 0.02 nS) and significantly decreased in W136R (1.7 Ϯ 0.02 nS). Similar results were observed with the solvent-containing membranes and different electrolytes. The results suggested that mutations of Trp 136 had comparable effects on ion conductance of VhChiP. In addition, the phosphate buffer used in these experiments (see "Experimental Procedures") appeared to affect the ion conductance, but overall, it did not alter the pattern of relative conductance changes in the Trp 136 mutations. In Table 2 , the three conductance values reported for WT VhChiP (1.7, 1.1, and 0.6 ns) and for mutants W136A (2.5, 1.5, and 1.8 ns) and W136F (1.8, 1.2, and 0.6 ns) correspond to the opening of three, two, or one channels within the trimer; only two conductance values were obtained for mutants W136F/D (2.4 and 0.8 nS) and W136R (1.6 and 0.6 nS).
The largest values presumably correspond to the opening of all three channels within the trimeric protein, whereas the twothirds and one-third values relate to two and one openings, respectively.
Effects of the Trp 136 Mutations on Binding Affinity, Measured by Time-resolved BLM Measurements-Titration of a single trimeric VhChiP with chitohexaose in the concentration range 0 -5 M revealed concentration-dependent channel blockages. Fig. 4 shows 500-ms-long ion current recordings of the VhChiP variants with the addition of chitohexaose on the cis side and an applied potential of ϩ100 mV. The pattern of sugar-blocking events in the WT channel ( Fig. 4A ) was compared with those observed with the mutant channels W136A (Fig. 4B ), W136F (Fig. 4C ), W136R (Fig. 4D ), and W136D (Fig. 4E ). Single point mutations of Trp 136 were found to increase both the on-rate and the off-rate of chitohexaose binding, but the greater effect was on the off-rate. The off-rates for W136A and W136R were 20-fold greater than that of the wild-type, indicating that the sugar entered and left the mutant channels much more quickly than the WT channel. Furthermore, the sugar blocking events were observed to be much more irregular, indicating incomplete subunit blocking. Our previous report showed that chitohexaose at a very low concentration (0.25 M) usually blocked one protein monomer and occasionally blocked a second. In the case of the Trp 136 mutants, only one channel subunit of the mutants W136A/F/D/R was partially blocked. At a high concentration (5.0 M) of chitohexaose, monomeric, dimeric, and even trimeric blockages occurred in the case of WT VhChiP (Fig. 4A ) and the W136F mutant ( Fig. 4D) , whereas at the same sugar concentration, only one subunit of the mutant W136A (Fig. 4B) was blocked, and dimeric blockages were infrequently seen with the W136R (Fig. 4C ) and W136D (Fig. 4E) mutants. Fig. 5 shows the effect of chitohexaose on the VhChiP channel with respect to time constants for closing ( c ) and opening ( o ). Note that c is referred to the residence or dwell time for sugar blockage. For the WT channel, increasing concentrations of chitohexaose caused only slight changes in c , the values lying within the S.D. c is expected to be concentration-independent and therefore constant over the entire range of concentration ( Fig. 5A ). Mutations of Trp 136 caused a drastic reduction in c over the entire range of the sugar concentration. At 2.5 M, c decreased in the following order: WT (6.7 ms) Ͼ W136F (2.3 ms) Ͼ W136D (0.5 ms) Ͼ W136R (0.34 ms) Ͼ W136A (0.32 ms). Because c is the inverse of k off (see Equation 2), large increases in k off were observed (Table 3 ). Taking cis side addition and Ϫ100 mV applied potential as a representative example, k off for the Ala and Arg mutants was 20-fold greater and, for the Asp mutant, 13-fold greater than k off for the wild type. In contrast, the value of o exhibited a strong concentration dependence and decreased sharply as the concentration of chitohexaose increased. As seen in Fig. 5B , the various mutations had only a small effect on o , the on-rates for the mutated channels 
TABLE 2 Single channel conductance of VhChiP wild-type and mutants, as determined by two different BLM techniques
The membranes were formed by dissolving 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine in n-pentane or n-decane. The electrolyte contained 1 M KCl in 20 mM HEPES, pH 7.5. The applied potential was Ϫ100 mV, and the BLM measurements were carried at 20 Ϯ 3°C. The three conductance values shown in the solvent-containing membrane BLM technique correspond to the opening of a trimeric channel. The biggest values present the opening of three channels, whereas the two-thirds and one-third values were related to two and one openings, respectively. n shown in parentheses represents number of channels that were used for calculating ion conductance. being less affected than the off-rates (Table 3) . Similar effects were observed with the trans addition of sugars at an applied voltage of ϩ100 mV, all mutants showing significantly decreased values of c (Fig. 5C ) but a lesser decrease in o (Fig.  5D ). Fig. 6 shows the binding isotherms for the individual VhChiP mutant channels, with relative conductance changes plotted as a function of the chitohexaose concentration on the cis side at Ϫ100 mV (Fig. 6A) . Fitting curves using a nonlinear regression function yielded hyperbolic plots, and these non-linear plots were converted to Lineweaver-Burk plots (Fig. 6B) , allowing the binding constants to be estimated directly.
Consistent results were observed with chitohexaose added on the trans side at an applied potential of ϩ100 mV. Fig. 6 , C 
TABLE 3 Comparison of the rates and the equilibrium of binding constants (K, M Ϫ1 ) of VhChiP WT and mutants for chitohexaose
The equilibrium binding constant (K, M Ϫ1 ) is estimated from Equation 1, which is derived from the relative reduction of the average single channel conductance when the channel is titrated with different concentrations of chitohexaose. The on-rate (k on , M Ϫ1 ⅐s Ϫ1 ) is given by k on ϭ K⅐k off , and the off-rate (k off , s Ϫ1 ) is from the single trimeric molecule of VhChiP channel and its mutant after titration with different concentrations of chitohexaose that was obtained from k off ϭ 1/ c .
VhChiP variant

Cis-side addition
Trans-side addition and D, shows the non-linear binding plots and their corresponding linear transformations. Decreased K values for all the mutants indicated that the Trp 136 mutations lower the affinity for chitohexaose. With all mutants, binding increased proportionally with increasing concentration of the sugar and did not reach saturation within the selected concentration range. The greatest reduction in the stability constant for sugar binding was observed with the mutant W136A, whereas the smallest effect was found with the W136F mutant. The binding affinity (K) of each VhChiP mutant for chitohexaose was estimated from the Lineweaver-Burk plot of the titration data. Table 3 summarizes the kinetic values (k on , k off , and K) obtained from the binding curves shown in Fig. 6 under different experimental conditions. The BLM data were acquired under four different regimes: with sugar addition on the cis side or the trans side and an applied potential of Ϫ100 or ϩ100 mV. The largest k on and K and smallest k off were observed with cis addition at Ϫ100 mV. Different conditions produced different kinetic values, confirming the asymmetric properties of the VhChiP channel. The K values of the WT channel obtained under the conditions of highest activity, cis addition/Ϫ100 mV and trans addition/ϩ100 mV (700,000 M Ϫ1 and 420,000 M Ϫ1 ), were close to the values (500,000 and 370,000 M Ϫ1 ) reported previously (10) .
Under the condition cis addition/Ϫ100 mV, the mutants W136D and W236A showed a large decrease in the binding constants, relative to the WT channel, with 7-and 4-fold lower values for K, respectively. Other mutants, including W136F and W136R, also showed reduced affinity, their K values being about 2-fold less than that for WT VhChiP. Similar trends were observed under the condition cis addition/ϩ100 mV. With trans addition of substrate, at both applied potentials (Ϯ100 mV), there were very large decreases in K for the mutants W136D and W136R, whereas the mutants W136A and W136F showed only a moderate reduction. It is interesting to note that the Trp 136 mutations considerably affected chitohexaose binding by increasing both the on-rates and the off-rates, but the effect on the off-rates was generally greater than on the onrates. For example, k off for W136A was increased by a factor of about 20 as compared with k off of WT, whereas k on of W136A was increased only about 5-fold.
Effects of Trp 136 Mutation on the Binding Affinity Revealed by Fluorescence Spectroscopy-Intrinsic fluorescence changes were used to assess the binding affinity of VhChiP and its mutants for chitooligosaccharides. We first counted the number of Trp residues in the amino acid sequence of WT VhChiP. Fig. 7A shows that it contained 10 Trp residues (underlined) at positions 73, 105, 123, 136, 155, 185, 216, 228, 268, and 331. Three of these may be located inside the channel: Trp 136 extends into the center, whereas Trp 123 and Trp 228 protrude from the inner wall in the lower part of the protein lumen (Fig.  7B) . Trp 216 and Trp 331 are parts of the extracellular loops L5 and L8 and lie on the outside of the pore. Other tryptophan residues are located at different positions around the outer surface of the ␤-barrel. The Trp 136 mutations generally affected the intrinsic fluorescence properties of the protein (Fig. 7C ). In the absence of ligand, the mutants W136A and W136D showed a large reduction in the fluorescence intensity, as compared with that of the WT channel, whereas W136R showed a moderate decrease. The largest influence on the intrinsic fluorescence was seen in the mutant W136F, which showed a significant increase in the fluorescence intensity and a shift of its wavelength of maximum emission from 340 to 350 nm.
Each VhChiP mutant was titrated with chitohexaose, and the plots of Trp fluorescence quenching or enhancement were compared with the titration of WT protein (Fig. 8 , A-E, top panels). Chitohexaose decreases the fluorescence intensity of WT VhChiP in a concentration-dependent manner, whereas in the mutants W136F, W136D, and W136R, chitohexaose enhances the fluorescence signal, at much higher concentrations. Plots of relative changes in fluorescence intensity as a function of chitohexaose concentrations yielded binding curves similar to the binding curves obtained with chitohexaose titration of single channels reconstituted into BLM. Fitting of the binding curve for each VhChiP homolog was performed using non-linear regression (Fig. 8 , A-E, left panels). For the mutant W136A, data fitting did not provide reliable parameter values, because titration of this mutant with chitohexaose did not significantly change the fluorescence intensity, indicating weak interaction between the sugar and the protein (Fig. 8B) .
Curve fitting of the fluorescence intensity plotted against sugar concentration yielded the binding constants K, summarized in Table 4 . The relative values of K determined by fluorescence titration were consistent with those obtained from BLM measurements, although the absolute values differed. This discrepancy might have many origins, considering the different environment of the VhChiP in the different types of experiment; fluorescence titration was performed with the detergent-solubilized channels, rather than with channels reconstituted in lipid bilayers, and there was no trans-channel potential. Moreover, fluorescence counts all Trp and not only those located in the channel constriction. Mutants W136A, W136D, and W136R showed a large reduction in K, indicating reduced binding affinity, especially in mutant W136D, for which the binding constant was 20-fold lower than that of WT. In mutants W136A and W136R, the binding affinity was reduced to about the same extent, with a 12-and 10-fold decrease in K, respectively, whereas mutant W136F showed only slightly decreased affinity, with K being 2.8-fold lower than in the wild type.
Effects of Trp 136 Mutation on Sugar Permeation, Measured by a Liposome Swelling Assay-To further study the effect of Trp 136 mutations on sugar permeability, liposome swelling assays were performed. As shown in Fig. 9 , the relative swelling rates, which reflect the rates of permeation by chitohexaose, were compared with the rate of swelling in isotonic solution of the permeant sugar arabinose, which was taken as 100%, whereas an isotonic solution of the impermeant sugar raffinose served as a control. At a fixed chitohexaose concentration of 750 M, the relative permeability of WT VhChiP (14 Ϯ 6.5%) was greater than that of all of the mutant forms of the channel. W136A showed the lowest permeability (2 Ϯ 1.3%), followed by W136R (3 Ϯ 1.1%), W136D (5 Ϯ 2.8%), and W136F (8 Ϯ 2.1%). 
Discussion
Chitoporin (VhChiP) from the marine bacterium V. harveyi was recently identified as a channel that is able to transport the degradation products of chitin, with a high selectivity for chitohexaose (10) . Although chitoporin is a sugar-specific channel isolated from the outer membrane of Gram-negative bacteria, this channel shows only low sequence identity to other channels of known carbohydrate specificity, such as LamB or ScrY (12, 13) . The residues identified as the aromatic track in maltoporin (LamB) or sucrose porin (ScrY) were not found in chitoporin. Moreover, our functional investigation revealed that VhChiP does not interact with maltooligosaccharides. Therefore, VhChiP and LamB are likely to have quite different structures facilitating sugar passage.
Our structure of VhChiP, derived from the three-dimensional structure of Omp32 (20, 38) , shows that Trp 136 is part of the longest loop (L3) that protrudes into the channel lumen. This residue is located prominently in the center of the pore, covering the entrance of the constriction zone. Therefore, this residue is presumed to be crucial for controlling ion flow and to affect binding affinity and sugar permeation through the VhChiP channel. Trp 136 was mutated to Ala, Phe, Asp, and Arg, 
TABLE 4
Determination of the equilibrium binding constant (K) of VhChiP WT and its mutants with chitohexaose from the non-linear curve fit shown in Fig. 8, following (39), the side chain of Ala is small and neutral, whereas Phe has increased aromaticity and hydrophobicity. The Asp side chain is acidic and thus negatively charged, whereas the Arg side chain is highly basic and therefore positively charged. Mutation of Trp 136 to Ala considerably increased ion flow, resulting in the larger conductance of the mutant W136A. The explanation is clear; the substitution of Trp 136 by Ala removed the steric hindrance caused by the bulky side chain of Trp. In contrast, the single channel conductance of the W136F mutant was not much changed from the WT conductance, indicating that the Phe side chain had a steric effect similar to that of Trp and that ion flow through the VhChiP channel was not greatly influenced by the different degree of hydrophobicity. That mutation of the pore-lining residues leads to modified ion flux was demonstrated previously in maltoporin (LamB) and sucrose porin. Orlik et al. (11) reported changes in the channel conductance when Tyr 118 , located in the constriction zone of the LamB channel, was mutated to various amino acids. The largest conductance change was observed with Ala (850 pS) and Asp (1,050 pS) substitution and resulted in conductance that was ϳ5and 7-fold larger, respectively, than that of the native channel (155 pS). Moreover, substitutions of residues within the polar track also greatly decreased the rate of sugar transport, compared with the wild-type LamB (30) . Similarly, single mutants (D201Y, N192R, and F204D), generated by mutation of the central constriction residues of the sucrose porin (ScrY), showed decreased channel conductance as well as narrowing the sucrose passage of this channel (40, 41) .
We further measured the K ϩ /Cl Ϫ selectivity of the wild-type channel, which showed a preference for cations (P c /P a ϭ 3.2). The mutant W136D exhibited increased ion conductance, which is expected for a channel with cation selectivity, because mutation of Trp to a negatively charged residue should increase the selectivity of the channel for cations (42) . Conversely, the substitution of Trp 136 with Arg reduced the ion conductance from 1.9 to 1.7 nS (Table 2) , the switch to a positively charged side chain inhibiting cation flux. Selectivity for cations over anions was also seen with LamB and OmpF (11) . The LamB channel has more pronounced cationic selectivity than VhChiP, with a P c /P a ratio of about 5.5, whereas that for OmpF was about 5.0. Shifts of ion selectivity when different charged residues were introduced into the pore lumen clearly indicated that the ionization states of residues in the pore interior are crucial for regulating ion transport through the VhChiP channel.
The effects of Trp 136 mutations on the binding affinity of VhChiP were subsequently investigated by titrating single, fully open mutated channels with chitohexaose, at concentrations up to 10 M. Time-resolved current measurements showed that the sugar transiently blocked the ion flow, although the blocking behavior was quite different from that of the WT channel. With WT VhChiP, the number of blocking events increased linearly with increasing concentration of chitohexaose up to 2.5 M and then reached a plateau, with no further increase at concentrations of 5 M or higher, suggesting that the channel was saturated even at a low concentration of the sugar, due to the high affinity of chitohexaose binding. It is important to note that the observed K values presented in Table 3 were affected to various extents by applied external potentials and by the side of sugar addition. The results reflect highly dynamic as well as asymmetric features of the VhChiP channel as noted in our previous study (10) . Current fluctuations that gave rise to changes in average conductance were also affected by the inherent behaviors of individual channels.
Analyzing the ion current fluctuations with respect to residence (dwell) times ( c ), the sugar molecules were found to stay in the modified pores for a shorter time, indicated by a decrease in their residence times, compared with WT. Large changes were observed with mutants W136A, W136D, and W136R, whereas mutant W136F showed only a slight change in the residence time. These results again confirmed that the steric properties of the aromatic side chain of the mutated residue play a prominent role in maintaining intrinsic affinity of binding between the sugar substrate and the channel interior.
All mutants showed significant decreases in the value of the binding constant, K, as a result of effects on both the on-rate and the off-rate. Increases in the on-rate indicate faster entry of the VhChiP pore by chitohexaose, whereas increases in the offrate indicate that the interacting sugar molecules leave the channel more quickly. However, the dominant effects were on the off-rate constant, especially with the W136A and W136D mutants. In these cases, k off was increased up to 20-fold over k off for the wild-type channel. Such results suggest that the Ala and Asp substitutions of Trp 136 decrease the affinity of binding by accelerating the dissociation of the sugar molecule from the channel lumen and thus increasing the turnover number. Likewise, Trp 136 mutation also altered bulk sugar permeability through the VhChiP channel. This conclusion was supported by the results from liposome swelling assays, which showed a considerable reduction in the rate of chitohexaose permeation through all of the mutated channels. Consistent with the BLM measurements, the effects were clearly observed with W136A, FIGURE 9 . Results of the liposome swelling assays. Multilamellar liposomes, prepared as described under "Experimental Procedures," were reconstituted with purified VhChiP and its mutants. The isotonic concentration was defined as the concentration of raffinose added into the proteoliposome suspension that did not cause an absorbance change at 500 nm for a period of 60 s. Permeation of different types of sugars through the VhChiP-reconstituted liposomes was tested. Their swelling rates were normalized to the rate of arabinose, set to 100%. Bar graphs show average values Ϯ S.D. (error bars) obtained from the experiments carried in triplicate.
W136R, and W136D mutants. In summary, our data provide evidence that the residue Trp 136 plays a significant role in controlling the ion conductivity, sugar binding affinity, and sugar permeability of this highly potent chitooligosaccharide-specific channel.
Conclusion
Chitoporin is a sugar-specific channel strictly required by Vibrios for nutrient uptake. Our studies help to shed light on the mechanism of chitin uptake through the outer membrane of these bacteria. Crucially, understanding the mechanistic details of chitin transport through chitoporin should pave the way for the design of novel specific channel blockers that offer an effective strategy to control the epidemic of fatal diseases caused by Vibrios, such as vibriosis by V. harveyi, which causes a vast economic loss in farmed shrimp and fish industries worldwide, or cholera by Vibrio cholerae, which, according to a World Health Organization report (43) , causes 100,000 -120,000 deaths annually.
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